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Abstract 

In this study pervaporation (PV) of ethyl butyrate 
(ETB)/water mixtures using synthesized poly (ether-block- 
amide) (PEBA) membranes was investigated. The 
membranes were made via solution casting on water surface 
(as non solvent). After studying the effects of different 
parameters on the membranes morphology, it was found 
that the mixture of (1 n-butanol/ 3 iso-propyl alcohol), 
temperature range from 70-800C and polymer concentration 
range from 4-7 wt could be used to obtain uniform 
membranes. PV separation of ETB/water mixtures was 
carried out using these membranes. The results showed that 
with increasing ETB concentration, both total permeation 
flux and ETB separation factor increase. Increasing 
temperature, in the studied limited range, resulted in 
decreasing separation factor and increasing permeation flux. 
With decreasing permeate pressure, permeation flux 
increased and separation factor decreased. 

Overall mass transfer coefficient was evaluated using steady 
state ETB permeation flux equation. Membrane mass 
transfer coefficient, boundary layer thickness and liquid 
boundary layer mass transfer coefficient were calculated 
using the modified concentration polarization equation and 
the resistance in series model. Concentration polarization 
index (using membrane and liquid boundary layer mass 
transfer coefficients) was defined and used to present extent 
of the concentration polarization phenomenon. 

The modified Arrhenius model was used to correlate ETB 
permeation flux and the operating temperature. Good 
agreement was observed between the experimental results 
and the model predictions. Results showed that the effect of 
temperature on sorption is greater than that on diffusion. 
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Introduction 

Membrane separation processes have been investigate 
d for long time in various applications. The rapid deve 
lopment of these processes is due to their environment 
al friendly properties, energy saving aspects, effective 
recovery and separation of volatile organic component 
s. They have different industrial applications such as f 
ood, chemical, petrochemical (C02 capture and separa 
tions) and so on. Pervaporation (PV) process has a go 
od potential for separating liquid mixtures of volatile i 
ngredients. PV can be used for concentration or recove 
ry of organics from aqueous solutions (Li et al. 2008), s 
eparation of organic mixtures (Sridhar et al. 2004) and 
so on. 

Aroma compounds in juice which are responsible for a 
typical juice flavor are very sensitive to heat, thus con 

ventional processes that involve evaporation may caus 

e loss of these compounds and change the juice flavors. 
Therefore, these aroma compounds should be recover 

ed with process such as PV, which can conserve them 

without any loss. 

In this study, synthesized poly (ether-block-amide) (P 
EBA) membranes were used for recovery of ETB/water 

mixtures. The PEBA membranes were prepared via ca 
sting solution method. At first, the effects of different 
parameters, such as ratio of solvents, temperature and 
concentration of polymeric solution were investigated 
on membrane formation. After that, the prepared mem 
branes were evaluated in PV process. Finally, the over 
all, membrane and liquid boundary layer mass transfe 
r coefficients were calculated and the extent of concent 
ration polarization was predicted. Modified Arrhenius 

model was used to correlate ETB permeation flux and 
operate temperature and the effects of temperature on 
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separation mechanism (sorption and diffusion) were st 
udied in details. 

Experimental 

Materials 

PEBA (as granule) was supplied by Atochem 
Company. n-Butanol (74.12 g/mol, 0.812 g/cm 3 ), 
isopropyl alcohol ( 60.1 g/mol, 0.786 g/cm 3 , max. 
0.005% H2O) and ETB (for synthesis, 116.16 g/mol, 0.88 
g/cm 3 ) were purchased from Merck Chemical 
Company. The microporous polysulfone (PS) 
membranes [ultrafiltration (UF) pHT20-6338] were 
used as support layer, provided by Dow Denmark, Inc. 
Physical and thermodynamic properties of ETB are 
given in Table 1 . 



TABLE 1 PHYSICAL AND THERMODYNAMIC PROPERTIES OF ETB 
(Seeaders 1998; Perry 1999; Lyman 1990) 



Vapor pressure (pa) 


2038 


Infinite dilute diffusion coefficient 
(m2/s) 


7.4 xlO- 10 


Infinite dilute activity coefficient 


1161 


Henry law constant (pa/mol fraction) 


2366118 


Antoine constants 


A 


20.987 


B 


3202.2 


C 


56.6985 



Membrane Preparation 

PEBA membranes were prepared by casting the 
polymeric solution (PEBA + solvents) on the non- 
solvent (water) surface. Due to the solvent and non- 
solvent exchange, thin PEBA films were formed on the 
non-solvent surface. The PEBA membranes were put 
on the UF membranes (as support layers) for 
providing their mechanical strength. The details of 
membrane preparation and mechanism of membrane 
formation were described in our previous work 
(Mohammadi et al. 2008). 

PV Setup and Expriments 

PV apparatus used for PV experiments is presented in 
Fig.l. The upstream pressure was maintained at 
atmospheric pressure (using air release valve) and the 
downstream pressure was kept low with a vacuum 
pump. The amount of feed temperature and 
downstream pressure were recorded by thermostate 
and monometer, respectively. Permeation fluxes 
collected over a given period of time in a cold trap 
were weighed using a digital balance (PRECISA M310) 



with an accuracy of about 0.001 gr and analyzed using 
gas chromatography (GC-2010 Shimadzu). 



1 




FIG. 1 SCHEME OF THE LABORATORY SCALE PV SETUP 



Results and Disccution 

Membrane Formation 

After dripping the polymeric solution on the water sur 
face, because of the difference between polymeric solu 
tion and water surface tension, the polymeric solution 
was spontaneously spread on the water surface, and af 
ter the mutual diffusion of solution and non-solvent th 
e thin membrane film was obtained. The influences of 
different parameters such as ratio of solvents, polymer 
ic solution concentration and temperature on membra 
ne formation were investigated. The SEM photographs 

of PEBA membranes that synthesized at different solv 
ents ratio are shown in Fig. 2. As it can be observed th 
at ddition of iso- propanol improves the surface qualit 
y. With In- Butanol / 3 iso-propanol ratio, (Fig. (2.D)), t 
he defect-free membranes can be obtained and high se 
paration performance can be achieved. High quality fil 
ms were obtained in a (3/1) ratio of iso-propanol / n- B 
utanol, temperature range from 60-80°C and polymer c 
oncentration range from 4-7 wt%. The effects of differe 
nt parameters on the membrane formation were descri 
bed in details in our previous work (Mohammadi et al. 

2008). 




(A) 
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FIG. 2 SEM PHOTOGRAPHS OF THE MEMBRANES USING DIFFERENT 
SOLVENT RATIOS AT 75°C 
A: N- BUTANOL, B: 3 N-BUTANOL / 1 ISO-PROP ANOL, C: 1 N- 
BUTANOL / 1 ISO-PROP ANOL, D: 1N-BUTANOL / 3 ISO- 
PROPANOL 



ctor increase with increasing feed concentration. This c 
an be described with enhancement of the liquid activit 
y and the driving force for ETB transport. The effect of 
temperature on total permeation flux and ETB separati 
on factor is shown in Fig. 4. With increasing temperatu 
re, total permeation flux increases but ETB separation f 
actor decreases. Mobility of the polymer chains increas 
es with increasing temperature, therefore the permeati 
on flux of both ETB and water increase. Thus, ETB sep 
aration factor (the ratio of two permeation fluxes) deer 
eases. The effect of permeate pressure on ETB permeat 
ion flux and separation factor is shown in Fig. 5. With 
decreasing permeate pressure, ETB permeation flux sli 
ghtly increases, while ETB separation factor decreases. 
ETB is the organic compound with the high Henry's 1 
aw constant. With decreasing the permeate pressure, E 
TB permeation flux increases slower than water perme 
ation flux. Since low vacuum pressure is costly and als 
o has negligible effect on ETB PV separation performa 
nee, in addition for recovery of ETB (with high saturat 
ed vapor pressure and high activity coefficient), a relat 
ively high vacuum pressure is preferred (Hwang and 
She 2004). 

Investigatin of Mass Transfer Phenomenon 

PV can be classified into three categories, i.e. vacuum 
driven; temperature-gradient driven and carrier gas dr 
iven, although the common process is vacuum pressur 
e driving force. In PV system, the molecular sizes of fe 
ed components are not so different that separation can 
be carried out based on molecular sieving. Therefore, 
porous membranes cannot be used and dense membra 
nes are more applicable. As a result, separation occurs v 
ia solution-diffusion mechanism. This mechanism cons 
ists of sorption, diffusion and desorption steps (Jirarat 
ananon et al. 2002). PV has two potential sources of sel 
ectivity. The first one is the difference between permea 
bilities across the membrane which means one compo 
nent in the feed mixture is more soluble or diffuses mo 
re rapidly through the membrane. The second one, sue 
h as one-stage distillation, is the relative volatility of o 
ne component in the liquid mixture. Therefore selectiv 
ity can be written as bellow (Cussler 2007): 

[-!-] (1) 



a 



PV Experiments 

PV experiments were carried out to separate ETB/wate 
r mixtures. The effects of feed concentration on perme 
ation flux and separation factor is shown in Fig. 3. As 
observed, total permeation flux and ETB separation fa 



Ml 

D 2 H 2 



Where, a , D, H, H' are selectivity, diffusion coefficient, 
Henry law constant and partition factor, respectively. 
The first and the second parts in Equation 1 come from 
the first (difference between permeabilities across the 
membrane) and the second (relative volatility of one 
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component in the liquid mixture) potential sources of 
PV, respectively. 
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FIG. 3 EFFECT OF FEED CONCENTRATION ON TOTAL 
PERMEATION FLUX AND SEPARATION FACTOR AT 25°C 
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FIG. 4 EFFECT OF FEED TEMPREATURE ON TOTAL 
PERMEATION FLUX AND SEPARATION FACTOR 900 PPM 
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FIG. 5 EFFECT OF PERMEATE PERESSURE ON ETB 
PERMEATION FLUX AND SEPARATION FACTOR AT 400 PPM 

Total permeation flux is the sum of ETB and water flux 
across the membrane: 



J, = J w + J t 
J E= J t-yE 

J w ~ J t -y-w 



(2) 



Where, Jt, Je, Jw, j/e, yw are total permeation flux, ETB pe 
rmeation flux, water permeation flux, ETB mole fractio 
n and water mole fraction in gas phase, respectively. F 
or a dilute solution, if the organic concentration in the 
permeate side is still low, separation factor can be writ 
ten as bellow: 



y w x w x E 



c 



EP 



c 



(3) 



Ef 



Where, xe, Xw are ETB and water mole fraction in feed 
and Ce/, Cep are ETB concentrations in the feed and per 
meate side, respectively. The ETB and water fluxes can 
be written based on the non-equilibrium thermodyna 
mic equations. For this binary system (ETB and water), 
fluxes can be calculated by the following equations (H 
wang and She 2004; Jiraratananon et al. 2002 ): 



j _QePe 

J E ~ 



o p sm 



i 



jpsat p , 
\ A w w) 



Pe) (4) 



(5) 



Where, Q, Psat and 1 are overall permeability, 
saturated vapor pressure and membrane thickness, 
respectively. (xEYEPEsat - PE) and (PWsat -PW) are 
driving forces for ETB and water transfer through the 
membrane, respectively. Furthermore, ETB flux can be 
described by mass transfer coefficients as follows 
(Hwang and She 2006 ): 
PC, 



J 



E ~ Kg (C E j: 

PC 



Ep 



H, 



(6) 



^Em (P 



Ep 



Em 



H, 



) = C EP .q 



Where, Xe, Kei, Ksm, Ce»< and q are ETB Overall mass 
transfer coefficient, ETB mass transfer coefficient in 
liquid boundary layer, ETB mass transfer coefficient in 
the membrane active layer, ETB concentration within 
the membrane and total volume flux, respectively. 

Overall mass transfer coefficient can be estimated by 
plotting ETB permeation flux against (Ce/ - (PCe p /He)). 
Since ETB has high Henry's law constant, permeation 
flux can be plotted verse Ce/. Permeability can be 
related to overall mass transfer coefficient by the 
following equation(Hwang and She 2006 ): 



Qe = 



K E .C tot .W^ 



(7) 



In dilute PV, Cm (total molar volume concentration of f 
eed) is approximately equal to water molar volume de 
nsity (mol/m 3 ). Since ETB has high Henry's law constan 



60 



Journal of Petroleum Science Research (JPSR) Volume 2 Issue 2, April 2013 



www.jpsr.org 



t, permeate pressure has negligible effect on permeatio 
n flux (Equation 7). Therefore, for calculation of memb 
rane permeability and overall mass transfer coefficien 
t, ETB permeation flux can be plotted verse ETB mole f 
raction in the feed. The membrane permeability was ca 
lculated from the slope of regration line in Fig. 6. The r 
esults showed that the membrane permeability is abou 
1 2.36 x 10-8 (mol/m2.s.Pa). Using Equation 7, the overa 
11 mass transfer coefficient is also about 1.018 x 10-6 (m 
Is). 

According to resistance in series model, there are three 
resistances against mass transfer in the membrane 
process: feed, membrane and permeate resistances 
(Fig. 7a): 
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y = n smiK 
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FIG. 6 ETB PERMEATION FLUX AS A FUNCTION OF FEED 
CONCENTRATION 
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FIG. 7 SCHEM OF THE MEMBRANE MASS TRANSFERETB 
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Eg 



Where, Ke s is the ETB mass transfer coefficient in 
permeate boundary layer. In PV of a dilute ETB 
aqueous mixture using synthesized PEBA membrane, 
the support layer and the permeate side resistances are 
negligible. The scheme of mass transfer in this case can 



be presented according to Fig. 7b. Therefore, Equation 
8 can be written as: 



1 



K 



1 1 

1 



(9) 

E K E1 K Em 

The modified concentration polarization equation can 
be used for calculation of the membrane mass transfer 
coefficient and the boundary layer thickness. The 
simplified equation, for the non-ideal feed and high 
Henry's law constant,ca n be presented by the 
following equation (Hwang and She 2004): 



(10) 



\-qlk Em u E 

Where, 5 is the boundary layer thickness. The two 
unknown parameters (8,k Em ) can be evaluated by the 
best fit method of the experimental data. The value of 
k Em was initially estimated based on K E and linear 
regression was used to calculate 8 . The final value of 
k Em was adjusted by the optimum value of the linear 
regression standard, R 2 (Hwang and She 2004). 

The effect of permeate pressure on the membrane 
performance can be investigated by the following 
equation(Hwang and She 2004): 



1 



+ (■ 



Qr-l 



Qr 



Q,.H r Q r H r 
psat 

= (-4r) 



(11) 



(12) 



(13) 



(14) 



The reciprocal of separation factor (1/a) verse relative 
pressure (Pr) is shown in Fig. 8. The relative membrane 
permeability (Q r ) and the relative Henry's law constan 
t (H r ) were obtained by using slope and intercept of th 
e plot. As calculated, Q, is less than 1. which means tha 
t with decreasing permeate pressure ETB permeation f 
lux increases with lower rate than water permeation fl 
ux (because of the higher ETB Henry's law constant). 

The best-fit method using Equation 10 was used for cal 
culation of the membrane mass transfer coefficient and 

the boundary layer thickness. Linear regression analy 
sis for PV separation of ETB is shown in Fig. 9. The bo 
undary layer thicknesses were calculated from the slo 
pe of the regression line. As calculated, the membrane 
mass transfer coefficient and the boundary layer thick 
ness are 9.89 x 10 -5 (mis) and 7.4 x 10" 4 (m), respectively. 

The boundary layer mass transfer coefficient is also 1. 
02 x 10" 6 (mis) (as calculated using Equation 9). 
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The polarization index was also used to evaluate the c 
oncentration polarization phenomena. This parameter 
has numerical range from to 1 and can be calculated 
using the following equation (Hwang and She 2006 ): 



<-El 



+ k 



(15) 



El 



■%£ 
_ u 

u £ 
o 



0.012 
0.0115 

0.011 
0.0105 
0.01 
0.0095 

0.009 
0.0085 

0.008 



y = -0.0067x< 0,012 



0,1 



0,2 

Relative Pressure 



0.3 



0.4 



FIG. 8 RECIPROCAL SEPARATION FACTOR AS A FUNCTION O 
F RELATIVE PRESSURE 
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FIG. 9 LINEAR REGRESSION ANALYSIS FOR PV SEPARATION 
OF ETB 

When, / ss and / « 1 concentration polarization is 
serious and neglectable, respectively. Using the mass 
transfer coefficients, the polarization index was 
calculated to be 0.01. This means that the 
concentration polarization is serious. 

Modified Arrhenis Model 

The relationship between permeation flux and feed 
temperature can be presented using the Arrhenius 
type formula [11]: 



J E =Aexp(-^) 

Kl 



(16) 



Where, A', EEP, T and R are correlation factor, PV 
activation energy, temperature and gas constant, 
respectively. 

Another relationship between feed temperature and 
permeation flux can be described using activation 



energy of the vapor pressure (EEv) and activation 
energy of membrane permeability (EEm) (Hwang and 
She 2006 ): 



LnJ F = LnJ 



£0 



R(T - C) RT 



LnJ EQ = c exp(A + A m ) 



(17) 



(18) 



Where, A' is correlation coefficient and A, B and C 

ARC 

' ' are Antoine's constants. 

EEv is positive and can be derived from the Antoine's 
equation (Hwang and She 2006 ): 



LnPZ 



T-C 



R(T - C) 



(19) 
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FIG. 10 MODIFIED ARHENIUS RELATIONSHIP FOR ETB AT 
FEED CONCENTRATION OF 900 PPM 

However, Eim can be positive, negative or zero and 
can be obtained from the Arrhenius type 
relationship(Hwang and She 2006 ): 

^Em 



LnQ E 



RT 



(20) 



EEv can be calculated using Equation 18 and EEm can 
be obtained by correlating overall permeabilities with 
temperature (Equation 20). Equation 16 can be used to 
predict the model results. 

The modified Arrhenius relationship can explain the 
effect of feed temperature on permeation flux. 

The activation energy of vapor pressure for ETB and 
water are 26600 and 143900 J/mol.K, respectively. EEm 
was obtained as -33262.6 J/mol.K for ETB. The 
experimental data and the model predictions are 
illustrated in Fig. 10. The experimental results and the 
model prediction values show good agreement and 
consistency. 

Increasing feed temperature affects both sorption and 
diffusion. Diffusion coefficient increases with 
increasing temperature. On the other hand, ETB 
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solubility decreases with temperature because of the 
exothermic sorption process. Therefore, the extent of 
the temperature effect on sorption or diffusion 
determines the sign of the activation energy of 
membrane permeability. Increasing temperature 
increases ETB permeation flux due to increasing its 
driving force by affecting its vapor pressure. Therefore, 
the negative values of Ee,,, for ETB and water mean 
that the effect of temperature on sorption is greater 
than that the on diffusion. 

Conclusions 

In this research, synthesis, characterization and 
performance of poly (ether block amide) membranes 
were studied. High quality membranes were obtained 
using a (3/1) ratio of iso- propanol / n-butanol, 
temperature range from 70-80 °C and polymer 
concentration range from 4-7 wt%. High performance 
was achieved for recovery of ETB from water with the 
PEBA membranes. It was observed that permeation 
flux and separation factor increase by increasing the 
ETB concentration in the feed. By increasing 
temperature and decreasing permeate pressure, 
permeation flux rises enhance but membrane 
selectivity diminishes. With decreasing permeate 
pressure, ETB permeation flux increase with lower 
rate than water permeation flux. Thus, ETB separation 
factor decreases by decreasing permeate pressure. 

Mass transfer coefficients and boundary layer 
thickness were also calculated. It was found out that 
concentration polarization is almost serious. 

Modified Arrhenius model was used to correlate ETB 
permeation flux and operate temperature. The results 
showed that the effect of temperature on sorption is 
greater than that on diffusion. 
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Nomenclature 



A 


Antoine's constant 


Am 


correlation coefficient in Arrrhenius equation 


B 


Atoine's constant 


C 


Antoine's constant 


CEf 


ETB concentrations in the feed solution (mol/m 3 ) 


Ce p 


ETB concentrations in the permeate (mol/m 3 ) 


CEm 


ETB concentration within the membrane (mol/m 3 ) 


D 


Diffusion coefficient in aqueous solution (m 2 /s) 


EEm 


activation energy of membrane permeability for ETB 
(T/mol) 


Eev 


activation energy of vapor pressure for ETB (J/mol) 


Ep 


the activation energy of PV 


H' 


Partition coefficient 


H 


Henry's law constant 


H, 


Relative Henry 's law 


J 


Permeation flux 


Ke 


ETB Overall mass transfer coefficient (m/s) 


kEL 


ETB mass transfer coefficient in liquid boundary layer 
(m/s) 


kEm 


ETB mass transfer coefficient in membrane active layer 
(m/s) 


kEg 


ETB mass transfer coefficient in permeate layer (m/s) 


1 


membrane thickness 


P 


total permeate pressure (Pa) 


Pe 


partial permeate pressure of ETB (Pa) 
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Pw 


partial permeate pressure of water (Pa) 


psat 


saturated vapor pressure (Pa) 


Pr 


Relative pressure 


T 


Temperature 


Q 


Overall permeability (mol/(m s Pa)) 


Qr 


Relative permeability 


q 


Total volume flux (m 3 /(m 2 s)) 


R 


Gas law constant 


X 


Mole fraction in liquid phase 


y 


Mole fraction in gas phase 


Greek letters 


a 


Separation factor 


00 

r 


Activity coefficient in infinitely dilute aqueous 
solution 


s 


Boundary layer thickness (m) 


Subscripts 


E 


ETB 


W 


Water 


t 


Total 


f 


Feed stream 


m 


membrane 


P 


permeate 


1 


Liquid boundary layer 



